SCCmec is a mobile genetic element that carries the gene (mecA) mediating methicillin resistance in staphylococci. For Staphylococcus aureus, four SCCmec types have been described, one (type IV) of which has been associated with newly identified community-acquired methicillin-resistant S. aureus. However, the distribution of SCCmec types among S. epidermidis is not known. SCCmec typing of a collection of 44 methicillinresistant Staphylococcus epidermidis (MRSE) isolates recovered between 1973 and 1983 from the blood of patients with prosthetic valve endocarditis (PVE) was performed by PCR amplification of key genetic elements (mecA, mecI, IS1272, and ccrAB). Of the 44 isolates, 1 (2%) harbored SCCmec type I, 15 (34%) harbored type II, 12 (28%) harbored type III, and 16 (36%) harbored type IV. The complete nucleotide sequence of SCCmec type IV was determined for 16 isolates and found to be identical in size (24 kb) and 98% homologous to DNA sequences published for S. aureus. Type IV SCCmec was also common (5 of 10 isolates) among a geographically dispersed collection of 10 recent (1998 to 2001) S. epidermidis bloodstream isolates. Multilocus sequence typing (MLST) (using the same seven genes presently employed for S. aureus MLST) of these MRSE isolates and of 10 additional recent geographically dispersed methicillin-susceptible isolates demonstrated that all 16 PVE isolates and 2 of 5 recent isolates harboring type IV SCCmec were in three related clonal groups. All three MSSE PVE isolates recovered from patients between 1976 and 1979 were in the same clonal groups as type IV SCCmec MRSE isolates. These data support the hypothesis of intra-and interspecies transfer of type IV SCCmec and suggest that there are clonal associations in S. epidermidis that correlate with SCCmec type.
SCCmec is a mobile genetic element that carries the gene (mecA) mediating methicillin resistance in staphylococci. For Staphylococcus aureus, four SCCmec types have been described, one (type IV) of which has been associated with newly identified community-acquired methicillin-resistant S. aureus. However, the distribution of SCCmec types among S. epidermidis is not known. SCCmec typing of a collection of 44 methicillinresistant Staphylococcus epidermidis (MRSE) isolates recovered between 1973 and 1983 from the blood of patients with prosthetic valve endocarditis (PVE) was performed by PCR amplification of key genetic elements (mecA, mecI, IS1272, and ccrAB). Of the 44 isolates, 1 (2%) harbored SCCmec type I, 15 (34%) harbored type II, 12 (28%) harbored type III, and 16 (36%) harbored type IV. The complete nucleotide sequence of SCCmec type IV was determined for 16 isolates and found to be identical in size (24 kb) and 98% homologous to DNA sequences published for S. aureus. Type IV SCCmec was also common (5 of 10 isolates) among a geographically dispersed collection of 10 recent (1998 to 2001) S. epidermidis bloodstream isolates. Multilocus sequence typing (MLST) (using the same seven genes presently employed for S. aureus MLST) of these MRSE isolates and of 10 additional recent geographically dispersed methicillin-susceptible isolates demonstrated that all 16 PVE isolates and 2 of 5 recent isolates harboring type IV SCCmec were in three related clonal groups. All three MSSE PVE isolates recovered from patients between 1976 and 1979 were in the same clonal groups as type IV SCCmec MRSE isolates. These data support the hypothesis of intra-and interspecies transfer of type IV SCCmec and suggest that there are clonal associations in S. epidermidis that correlate with SCCmec type.
Resistance of staphylococci to methicillin and other betalactam antibiotics is mediated by a specific penicillin binding protein (PBP) that has a reduced affinity for beta-lactam antibiotics (PBP 2a) (6, 15, 29) . PBP 2a is encoded by the mecA gene, which is carried on a chromosomal genetic element designated staphylococcus chromosomal cassette mec (SCCmec). Four types of SCCmec, differing in DNA sequences and gene content, have been identified in Staphylococcus aureus (18, 19, 21) , and the first methicillin-resistant (MR) S. aureus (MRSA) isolates (isolated in the early 1960s) are thought to have emerged from an epidemic methicillin-susceptible (MS) S. aureus (MSSA) lineage upon acquisition of SCCmec type I from coagulase-negative staphylococci (CoNS) (7, 12) .
MRSA isolates recovered from patients who have had little or no contact with hospital-based care have recently been described from the community (1, 13, 14, 16, 23, 24, 26, 28) . Most of these isolates have genetic backgrounds similar to those of MSSA isolates present in the community and most have a novel SCCmec type (type IV) rarely found in S. aureus isolates recovered before 1990 (22, 25) . Type IV SCCmec is smaller than the SCCmec types previously reported (21 to 24 kb versus 34 to 67 kb) (18, 19, 21) . These data suggest that type IV SCCmec is mobile and has been recently acquired by S. aureus, possibly from Staphylococcus epidermidis, the CoNS that is the most common MR species.
This study was performed to assess the degree of similarity of SCCmec between S. epidermidis and S. aureus clinical isolates and to determine whether S. epidermidis is a likely reservoir of this resistance determinant. The clinical S. epidermidis isolates used were recovered from the blood of patients with documented prosthetic valve endocarditis (PVE) diagnosed between 1973 and 1983, before the first reported MRSA isolates shown to carry type IV SCCmec were diagnosed, and from the blood of patients without PVE, as part of a Surveillance and Control of Pathogens of Epidemiologic Importance (SCOPE) study (10) . SCOPE collects bacteria isolated from the blood of patients in 52 hospitals representing all geographic regions of the United States. We also performed multilocus sequence typing (MLST) to investigate the distribution of SCCmec types among S. epidermidis genotypes.
MATERIALS AND METHODS
Bacterial strains and media. S. epidermidis isolates used in this study were from two sources. First, there were 47 isolates collected between 1973 and 1983 from the blood of patients with PVE in Richmond, Va., Boston, Mass., Birmingham, Ala., and Winnipeg, Manitoba, Canada (Table 1) . A total of 44 of these isolates were MR and three were MS. The clinical criteria for PVE and characterization of many of the infections have been previously published (5, 20) . Second, there were 20 non-PVE isolates (10 MR and 10 MS) from the blood of patients with bloodstream infection (BSI), collected through the SCOPE study (10, 30) . They were classified as true bacteremic isolates on the basis of previously published criteria (10). They were from four different geographic areas in the United States (the southeast, northeast, northwest, and southwest regions) and were recovered between 1998 and 2001 ( (SCCmec type IV) were used as SCCmec standards. Brain heart infusion broth and brain heart infusion agar (Becton Dickinson, Sparks, Md.) were used for cultivation of S. epidermidis and S. aureus strains. All strains have been identified to species level according to NCCLS criteria in the original studies. Identification of S. epidermidis was confirmed by demonstrating that the isolates produced catalase, did not produce coagulase, and could not use trehalose. Resistance to oxacillin was confirmed when strains grew on Mueller-Hinton agar plates containing 6 g of oxacillin/ml after incubation for 72 h at 30°C.
Determination of SCCmec types. Genomic DNA of S. epidermidis strains was extracted with a QIAGEN plasmid minikit (QIAGEN, Hilden, Germany) as recommended by the manufacturer. SCCmec types were determined with the use of specific primers for amplification of the key genetic elements mecA (primers mecA1 and mecA2), mecI (primers 214 and 215), IS1272 (primers F3 and mA2 and primers F1 and B3), and ccrA/B (primers ␣1, ␣2, ␣3, and ␤2). PCR was performed using a Taq PCR MasterMix kit (QIAGEN) with a 50-l reaction volume in a MiniCycler thermocycler (MJ Research, Boston, Mass.). The overall size of SCCmec was determined (using Expand Taq [Roche Diagnostics, Mannheim, Germany] according to the procedure recommended by the manufacturer) by long-range PCR with five sets of overlapping primers (18, 19, 21) . All PCR products were purified with a QIAquick PCR purification kit (QIAGEN). The nucleotide sequences of all primers are shown in Table 2 or were reported previously (18, 19, 21) . Nucleotide sequences of SCCmec for all strains designated type IV were established (utilizing an ABI Prism 377 DNA sequencer [Applied Biosystems, Foster City, Calif.] with BigDye fluorescent terminators) by automated sequencing of PCR products obtained with several sets of overlapping primers. For most isolates the nucleotide sequence was determined on a single strand. However, for several strains most of the sequence was confirmed on both strands.
Computer analysis of nucleotide sequences. All analysis was carried out using Vector NTI suite 7.1 software for Windows (InforMax, Bethesda, Md.). A homology search was performed with the BLAST program for the EMBL and GenBank databases. Sequences were compared to the published sequences of CA05 (JCSC1968) and 8/6-3P (JCSC1978) (GenBank accession numbers AB063172 and AB063173, respectively) (21).
MLST.
Housekeeping genes were selected on the basis of the published MLST scheme for S. aureus (11) . The DNA sequences of the housekeeping genes of S. epidermidis RP62A were from the unpublished genome sequence found on The Institute for Genomic Research website (www.tigr.org). Primers were designed by using the sequences of highly conserved regions flanking more variable regions. Each primer pair amplified an internal fragment of the housekeeping gene (ϳ500 bp) and allowed accurate sequencing of fragments of approximately 450 bp of each gene on both strands. The following seven housekeeping genes were used in the final MLST scheme (the fragments were amplified by using the primers shown in Table 3 ): carbamate kinase (arcC), shikimate 5-dehydrogenase (aroE), glycerol kinase (glpK), guanylate kinase (gmk), phosphate acetyltransferase (pta), triosephosphate isomerase (tpiA), and acetyl coenzyme A acetyltransferase (yqi). Chromosomal DNA was extracted using a bacterial genomic DNA purification kit (Edge BioSystems, Gaithersburg, Md.) according to the instructions of the manufacturer, with the addition of lysostaphin at a final concentration of 50 g/ml. For each isolate, the allele at each of the seven loci gave an allelic profile that was used to define its sequence type (ST). Polymorphic sites were displayed by using Sequence Output, a Macintosh program available from the MLST website (http://www.mlst.net). Clonality was assessed using BURST, a web-implemented clustering algorithm designed for use on MLST data sets from bacterial pathogens. Groups with at least five out of seven identical alleles were defined as clonal groups. The program was developed on the basis of the epidemic model of population structure devised by Smith et al. (27) and specifically examines the relationships between very closely related genotypes within clonal complexes, thereby bypassing the difficulties resulting from the frequent recombination that overwhelms the deep-rooted phylogenetic signal (8) .
RESULTS
SCCmec typing. Among the 44 S. epidermidis PVE strains, the SCCmec types were as follows: one (2%) was SCCmec type I, 15 (34%) were type II, 12 (28%) were type III, and 16 (36%) were type IV. Among the 10 SCOPE isolates, 5 (50%) were type IV, 4 (40%) were type III, and 1 (10%) was type II. Long-range PCR analysis with overlapping primers of the SCCmec region of the type IV isolates revealed a size of 24.2 kb for all strains. No significant variation in the sizes of the individual PCR products was observed among strains.
Sequencing. The entire nucleotide sequence was determined for each SCCmec IV strain. From the left inverted repeat to the right inverted repeat, all elements were 24,248 bp in size.
Comparison to the published sequences of S. aureus CA05 (JCSC1968) revealed a homology of 98 to 99%, with no insertions or deletions. Differences were usually single-base mismatches. Most of the sequence was only determined on one strand, but this was felt to be sufficient because of the high homology of the single strand to the published sequence. [1998 to 2001] ) and 10 MSSE isolates were sequenced from isolates from patients with confirmed BSI (SCOPE, 1998 to 2001). For each isolate, the sequences obtained at each of the seven loci were compared with those of every other isolate and the alleles were numbered consecutively. Sequences were assigned as distinct alleles even when they differed at a single nucleotide. No weighting was applied to reflect the number of nucleotide differences between alleles. Between 5 (yqi) and 10 (arcC) alleles were present at each locus (Table 4) , with a mean of 8.1 alleles per locus, which allowed 32 STs to be distinguished. Most of the S. epidermidis genes were relatively uniform, with the number of polymorphic (variable) nucleotide sites at the seven loci ranging between 10 in tpiA and 34 in glpK (Fig. 1) .
Association of MLST and SCCmec. Figure 2 shows the clonal associations (derived from the matrix of pair-wise differences between the allelic profiles) of the 67 isolates, as depicted using the BURST program (www.mlst.net). A total of 52 of the 54 MRSE isolates clustered into three related clonal groups. In addition, the three MSSEs isolated in the 1970s had STs that were identical to those of MRSE PVE isolates from the same decade. However, while all of the contemporary (1998 to 2001) MRSE blood isolates were in the same clonal groups as the MRSE PVE isolates from the 1970s, 9 of the 10 contemporary MSSE isolates were unrelated to all of the MRSE isolates. All of the type IV SCCmec-containing isolates, whether contemporary or from the 1970s, were clustered into three clonal groups on the basis of the presence of ST 2, 3, or 8. However, isolates with either type II or type III SCCmec were also in these clonal groups, and isolates with identical MLSTs carried more than one SCCmec type (ST 2 with SCCmec types II and IV and ST 8 with SCCmec types I, II, III, and IV).
DISCUSSION
In the present study we found that 36% of S. epidermidis isolates recovered in the 1970s from patients with documented PVE contained mecA within a type IV SCCmec resistance island. The DNA sequence of S. epidermidis SCCmec type IV was identical to the element found in community-onset MRSA strains of S. aureus (21) . Evaluation of MLST data has suggested that transfer of SCCmec into MSSA strains prevalent in a given region produced MRSA. Enright et al. (12) proposed that pandemic clones of hospital-associated MRSA emerged as a result of the insertion of SCCmec into five separate sensitive epidemic lineages. Similarly, strains of MRSA have arisen in Native American communities that have little association with the health care system. These isolates have pulsed-field gel electrophoresis patterns that are identical to those of prevalent MSSA isolates except for the presence of type IV SCCmec. These isolates are completely distinct from hospital-associated isolates (14, 22, 25) . The hypothesis of the transfer of SCCmec between S. epidermidis and S. aureus is supported by several lines of evidence. First, the nucleotide sequence of the entire 24 kb of type IV SCCmec in the 16 isolates of S. epidermidis that we examined was identical to the published sequence of type IV SCCmec in S. aureus strains acquired in the community. This is in contrast to findings for the rest of the S. epidermidis genome, in which only 17% of the open reading frames have at least 80% identity to S. aureus over their entire length (S. Gill, The Institute for Genome Research, personal communication). This suggests that interspecies exchange of this DNA has occurred. Second, we previously documented that the insertion junction of IS1272 into the mecR1 gene of SCCmec type I from S. aureus COL was identical to the junction in S. epidermidis. On the basis of the finding that IS1272 is present throughout the genomes of S. haemolyticus and S. epidermidis and that it is less frequently found in the genome of S. aureus, we postulated that the insertion event occurred in CoNS, with subsequent transfer of IS1272-containing SCCmec to S. aureus (4) . In the present study we also found the IS1272 insertion junctions of S. epidermidis and S. aureus SCCmec type IV to be identical. Thus, not only does this provide additional evidence for the interspecies transfer of the SCCmec element, but it also suggests that recombination occurred in CoNS between type I sequences and additional sequences and generated type IV SCCmec. The type IV sequences were subsequently transferred into S. aureus.
Third, MR is highly prevalent among S. epidermidis isolates and is less common among S. aureus isolates. Over 80% of S. epidermidis isolates from documented infections are MR, MRSE is the predominant skin flora of hospitalized patients, and colonizing MRSE can persist on the skin for months after discharge (2, 3, 5) . In contrast, MRSA infections comprise from 30 to 50% of hospital-associated S. aureus cases, after discharge MRSA is usually carried in the nose only, and only a small percentage of carriers harbor MRSA. Thus, the reservoir of SCCmec is likely to be larger in S. epidermidis both in the hospital and in the community.
Finally, as we documented in the present study, type IV SCCmec was highly prevalent among S. epidermidis isolates causing infections in the 1970s (being found in 36% of isolates) and was not found among MRSA isolates recovered during that time. Ito et al. found that only 2 of 38 MRSA isolates recovered from patients in Europe, Israel, and Japan between 1961 and 1993 carried SCCmec type IV, and these were from 1981 and 1985 (18) . Among 15 MRSA isolates in our collection of isolates from the United States in which IS1272 was found to have been inserted into mecR1, 9 were isolated between 1961 and 1983 and 6 were isolated between 1983 and 1990. None of nine (0%) of isolates from the early group contained type IV SCCmec; all were type I. In contrast, five of six isolates recovered between 1983 and 1990 (83%) carried type IV SCCmec (H. Wisplinghoff and G. Archer, unpublished data). Thus, the first S. aureus isolates carrying type IV SCCmec were recovered from patients in the early 1980s and S. epidermidis isolates carrying this element were prevalent in the early 1970s.
As mentioned above, MLST has been an excellent tool for assessing the movement of SCCmec among S. aureus strains (11, 12) . Identical or closely related STs have been found to harbor different SCCmec types, including type IV. We used the same MLST scheme for S. epidermidis that was used for S. aureus and found that it provided excellent clonal discrimination. There were from 5 to 10 alleles of each gene and 32 STs among 67 isolates. We found that identical or closely related (i.e., differing by only one allele) STs carried each of the SCCmec types (I, II, III, or IV) and that the same SCCmec type could be found within multiple, often unrelated STs. However, among the S. epidermidis isolates that carried type IV SCCmec, all 16 recovered from patients between 1973 and 1983 and two of the five SCOPE isolates from the late 1990s were in three clonal groups. In addition, all three MSSE isolates recovered from patients with PVE in the 1970s were in the same clonal group as the MRSE isolates containing type IV SCCmec. These data suggest that there is transfer of SCCmec among S. epidermidis strains and that certain clones are both preferential recipients for type IV SCCmec and more successful at environmental competition, having survived for almost 30 years.
MLST and SCCmec typing have proven invaluable for epidemiological and evolutionary investigations of S. aureus, and here we demonstrated the utility of these techniques for studies of S. epidermidis. The theory that CoNS represent a large genetic pool of resistance genes (available to the more virulent species S. aureus) has been confirmed in this report, and future work applying the methods used here will be useful in quantifying the extent of gene flow in the staphylococci. Table 4 for details); roman numerals I to IV, SCCmec types of isolates. STs differ by one allele within a circle and from one circle to the next (i.e., from the black-to gray-shaded circle portions and from the grayto white-shaded circle portions). Therefore, the gray-shaded circle portions show the single-locus variants of the respective ancestral strains and the white circle portion shows the double-locus variants of that ancestral strain. Also, STs differ by one allele between connected black circle portions (representing ST ancestor types 2, 3, and 8). STs outside of any circle differ by two alleles from the ST to which they are connected (e.g., ST 6 to ST 4).
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